Plots of the pressure di!erence ( P) applied to plant roots vs. the resulting volume #ow rate (Q T ) often exhibit an anomalous o!set that has been di$cult to explain. The present analysis suggests that solute build-up in two-and three-compartment models of the root cannot account for this o!set. The Ginsburg}Newman three-compartment model explains the o!set in terms of di!ering re#ection coe$cients for the membranes bounding the intermediate compartment. This model appears more promising, but it predicts a minimum in the plot of xylem-sap osmotic pressure vs. Q T which is not observed in practice. Fiscus hypothesized that an internal asymmetric distribution of non-mobile solutes is responsible for the o!set. In the present study, this hypothesis is incorporated into a four-compartment model of the root that is conceptually related to the three-compartment model of Miller. But according to the four-compartment model, the asymmetric solute distribution does not arise because of solvent drag. Rather the anomalous o!set is associated with a concentration gradient of photoassimilates (the non-mobile solutes) that exists in the absence of volume #ow, and which drives the di!usive transport of these solutes from the stele to the cortex via endodermal plasmodesmata. This model is consistent with the existence of radial symplastic osmotic-pressure gradients, and it appears to have greater explanatory power than the Ginsburg}Newman model. In particular, it suggests explanations for diurnal variations in P}Q T curves, as well as the e!ects of changing external solute concentrations. It also shows how the overall root re#ection coe$cient can be less than unity, even when the cell membranes are e!ectively ideally semipermeable, and there is negligible extracellular transport of water and solutes. The model makes a number of experimentally testable predictions.
Introduction
and Fiscus (1975) independently proposed a steady-state two-compartment model of the plant root in which a root &&mem-brane'' separates an external compartment (the soil or nutrient solution) from an internal compartment (the root xylem). At "rst, it seemed that this model would explain the nonlinear relationship between P and Q T typically observed for excised roots (here P is the di!erence in pressure between the external medium and the xylem, and Q T is the steady-state rate of xylem-sap exudation). However, Newman (1976) pointed out that, in many studies, if a tangent is drawn to the linear portion of the P}Q T curve (which is approached at high Q T ), the intercept on the P axis ( P ) is greater than the osmotic pressure ( M) of the external medium (Fig. 1) . If this observation is interpreted according to the two-compartment model, it implies a re#ection coe$cient ( ) for the root membrane that is greater than unity. For a single-membrane model, this is theoretically Fiscus (1977) . The horizontal dashed line shows the value of M. The dotted line is an extrapolation of the linear portion of the P}Q T curve to the P axis. It is clear that the intercept ( P ) on this axis is greater than M. The continuous curve is a nonlinear least-squares "t of eqn (6) impossible (Katchalsky & Curran, 1965) . Fiscus (1977) countered Newman's criticism by suggesting that convection within an external unstirred layer would lead to a build-up of solutes at the root membrane. In this case, the osmotic pressure of the solution immediately adjacent to the external face of the membrane would be greater than M. Accordingly, one would expect that P ' M, which would satisfy Newman's tangent test. However, Passioura (1984 Passioura ( , 1988 concluded that a build-up of solutes at the root membrane would result in a progressive increase in the slope of the P}Q T curve. Consequently, and contrary to observation, any attempt to draw a tangent to this curve would lead to the conclusion that P ( M. The analysis of Passioura (1984 Passioura ( , 1988 does not include solute uptake by the root. In the present study, the suggestion of Fiscus (1977) regarding solute build-up at the root membrane is reassessed by incorporating solute uptake into the analysis. It is shown that a two-compartment model with solute build-up can account for the fact that P ' M. But in doing so, it also predicts that the xylem-sap osmotic pressure approaches M as Q T PR, which is inconsistent with observation. This leads to a consideration of three-compartment models (Ginsburg, 1971; Newman, 1976; Fiscus 1981 Fiscus , 1986 Fiscus , 1988 Miller, 1985) , and, "nally, the introduction of a new four-compartment model. The essentially new feature of this model is the inclusion of solute unloading by the phloem.
The Two-Compartment Model: Solute Build-up at the Root Membrane
The essential features of the two-compartment model with an external unstirred layer are shown in Fig. 2 . Following Dalton et al. (1975) and Fiscus (1975 Fiscus ( , 1977 , the phenomenological equations developed by Kedem & Katchalsky (1958) and Katchalsky & Curran (1965) are used to describe the volume #ow rate (Q T ) and solute #ow rate (Q Q ) across the root membrane. Then if the membrane is located at a radial distance r"a from the center of the root, and the unstirred layer extends from r"a to r"b (b'a) we have
where l is the length of the root,¸. is the membrane hydraulic conductivity coe$cient, is the membrane re#ection coe$cient, is the membrane permeability coe$cient, is the 558 trans-membrane di!erence in osmotic pressure, P is the trans-membrane di!erence in hydrostatic pressure, Q* Q is the rate of active solute transport and C M Q is a mean solute concentration. If the membrane separates an external compartment (o) from an internal xylem compartment (x), then
and
We specify M at r"a (i.e. immediately adjacent to the external face of the root membrane) because in the presence of an external unstirred layer, M is a function of r (Fig. 2) . For watercultured plants (as used by Fiscus, 1977) , and plants growing in well-watered soils, the most likely site of solute build-up is within the cortical apoplast (Passioura, 1988; Passioura & Frere, 1967; Stirzaker & Passioura, 1996) . In this case, the root membrane will reside within the cortex (e.g. at the endodermis), and b is the radius of the root. Following Barry & Diamond (1984 
where P0.5 as Q T P0 (low-#ow approximation) and P0 as Q T PR (high-#ow approximation). In the linear portion of the P}Q T curve, must approach one of these approximations (otherwise the relationship would be nonlinear). Since the linear relationship is approached at high Q T , it is tempting to choose the high-#ow approximation and set "0. However, this is not necessarily correct. In fact, for models in which the mechanism of trans-membrane solute transport is not speci"ed, it is not possible to say a priori which approximation is appropriate. Accordingly, we consider both the high-and low#ow approximations. It should also be noted that, in general, the high-#ow approximation is expected to apply only for su$ciently small " C Q "; otherwise may not approach a constant value as Q T PR (Barry & Diamond, 1984) .
The following expression for P(Q T ) is derived in Appendix A:
where k depends on the solute di!usivity (D Q ) within the unstirred layer and the fraction ( ) of the area 2 rl that is available for solute transport:
Figure 1 shows a least-squares "t of eqn (6) to some data of Fiscus (1977) . There was insu$cient data at low Q T for an estimate of , and so was set to zero. The variation of with Q T is, of course, unknown; the "t in Fig. 1 was obtained using the constant value "0.5 (low-#ow approximation). An equally good "t is obtained with "0 (high-#ow approximation).
As Q T PR, eqn (6) approaches the straightline relation
where
For "0.5, P ' M when 0.5( (1.0, and for "0, P ' M when 0.62( (1.0. Most estimates of for excised roots of herbaceous plants are within the range 0.5) )1.0 (Steudle, 1992; Steudle & Peterson, 1998) . Hence, in principle, the two-compartment model with solute build-up can account for both the form of the P}Q T curve (Fig. 1 ) and the frequent observation that P ' M. However, for certain choices of parameter values, eqn (6) can exhibit biphasic behavior, which is never observed in practice. Moreover, it can be shown from eqn (A8) that
This is inconsistent with the experimental observation, which shows that (Mees & Weatherley, 1957; Lopushinsky, 1964; Fiscus, 1977; . In fact, for large Q T and M(b), V may approach values that are much less than M(b). Furthermore, eqn (9) predicts that P ! M& M. By contrast, found that for barley plants growing in various concentrations of NaCl, P ! M was independent of M. For models in which external unstirred layer e!ects are assumed negligible, this can be explained by supposing that NaCl is e!ectively impermeant in the root membrane(s); see eqn (19) below. But such an explanation is not possible for the twocompartment model with solute build-up, because as pointed out by Passioura (1984 Passioura ( , 1988 , the presence of impermeant solutes in the external medium would lead to a nonlinear relationship between P and Q T for large Q T [eqn (6) with "1, "0], which is not observed in practice. On balance, then, it seems that the two-compartment model should be rejected.
The Three-Compartment Model of Miller
According to this model (Miller, 1985) , the xylem (x) and external (o) compartments are separated by an intermediate symplastic compartment (i). This symplastic compartment is bounded by outer (1) and inner (2) cell membranes with identical re#ection coe$cients (i.e. " " ). Miller (1985) proposed that a build-up of solutes occurs at the inner boundary of the symplastic compartment and that simultaneously solutes are depleted at the outer boundary of this compartment (solute concentration gradients in the bathing medium are ignored; Fig. 3 ). This radial concentration gradient arises because of a combination of convection and di!usion within plasmodesmata. Like Fiscus's two-compartment model, Miller's three-compartment model predicts that P approaches a linear function of Q T as Q T PR. From eqns (6) and (7) in Miller (1985) , the intercept on the P axis is given by
from which we conclude that P ' M when '(1#(17)/8+0.64. This is a reasonable lower limit (Steudle, 1992; Steudle & Peterson, 1998) . Furthermore, Miller's model predicts that
which is less than M. This is consistent with experimental observation. However, the model also predicts that
[see his eqns (6) and (7) respectively. Since G(r) is monotonic decreasing (Miller, 1985) it then follows that throughout the symplastic compartment:
(see Fig. 3 ). This seems improbable, given that most nutrients are presumably accumulated in, rather than excluded from the symplast (at least at low M). Furthermore, it follows from eqn (12) that P )2 M. But in practice P can exceed 2 M [e.g. for the data of Fiscus (1977) , M( 0.05 MPa but P '0.1 MPa; see Fig. 1 ]. The above analysis applies to the low-#ow approximation ( "0.5), as assumed by Miller (1985) . However, assuming the high-#ow approximation ( "0) does not improve matters (see Appendix B). Hence it seems that Miller's model should also be rejected.
The Three-Compartment Model of Ginsburg and Newman
The essential feature of this model (Ginsburg, 1971 ) is that O . Also, unlike Miller's model, it is assumed that radial gradients of G are negligible (Fig. 4) . Ginsburg (1971) further assumed that G is invariant with Q T . Newman (1976) extended Ginsburg's model to include solute transport, and obtained the same form of relationship between P and Q T [his eqn (5)] as for the two-compartment model of Dalton et al. (1975) and Fiscus (1975 Fiscus ( , 1977 . Furthermore, he concluded that P can be greater than M when '
. However, Newman (1976) apparently considered solute transport across only one membrane. But a complete speci"cation of the model requires an analysis of solute transport across both membranes. This was done by Kedem & Katchalsky (1963b) , and it is clear from their analysis that G will not be constant, but will vary with Q T . Their equations are not directly applicable to the root, because in discussing G(Q T ), they consider only the case where "0 [see their eqns (23) A detailed analysis is given in Appendix C, where it is shown that the following relations must hold for large Q T :
For large Q T , P(Q T ) approaches a straight-line relation [Figs 5(a) and 6(a)] with an intercept on the P axis given by
is the total external osmotic pressure. Hence, if P ' M (as is often the case) an additional requirement is that 
It is hard to know whether eqns (17), (18) and (20) On balance, the stringent requirements embodied in eqns (17), (18) and (20) . For lupin, P ! M became progressively more negative as M ,?!J was increased (at least for CM ,?!J '75 mol m\) suggesting the roots had become leaky to NaCl. However, even at these high concentrations, could not detect any increase in the osmotic pressure of petiole-xylem sap; they suggested that the salt may have been extracted from the transpiration stream prior to its arrival at the petiole. shifted downward, so that P approached M. The two-and three-compartment models considered above can account for these observations if it is supposed that ABA causes a reduction in ( in the case of the Ginsburg}Newman model). This would lead to a decrease in P and a &&burst'' of solute release into the xylem associated with increased &&solvent drag''. Fiscus (1986 Fiscus ( , 1988 proposed a di!erent explanation: that the o!set in the P}Q T curve ( P ' M) seen in the absence of ABA results from an asymmetric distribution of nonmobile solutes within an intermediate compartment (by &&nonmobile'' Fiscus apparently meant solutes not normally released to the xylem). Application of ABA somehow renders these solutes mobile, and their consequent release to the xylem abolishes the internal concentration gradient. It can be shown from eqns (4) and (5) in Fiscus (1986) that consistent with observation, V(R)"(1! ) M( M where is the re#ection coe$cient of the composite root membrane. [Fiscus (1986) assumed the high-#ow approximation ( "0), but this can only overestimate V(R); hence the conclusion V(R)( M applies also to the low-#ow approximation ( "0.5).]
Fiscus's three-compartment model is reminiscent of Miller's model, except that in Fiscus's model the relevant solutes do not permeate the inner membrane. In this case the putative asymmetric solute distribution cannot be attributed to convection within an unstirred intermediate compartment, because this would lead to a nonlinear relationship between P and Q T for large Q T [Passioura, 1984 [Passioura, , 1988 ; eqn (6) with "1, "0)]. So where do the putative nonmobile solutes come from and why is their distribution asymmetric? Possible answers to these questions are discussed in the following section. 
A Four-Compartment Model with Phloem Unloading
There is evidence for signi"cant osmotic pressure gradients across the endodermis, possibly associated with the transport of photoassimilates from the stele to the cortex (Warmbrodt, 1986 (Warmbrodt, , 1987 Pritchard et al., 1989) . In the light of this possibility, we now introduce a four-compartment model of the root that includes phloem unloading (Fig. 7) . The four compartments are: the external medium (o), the cortical symplast (c), the stelar symplast (s) and the xylem lumena (x).
Compartments o and c are separated by an ideally semipermeable membrane (oc) which corresponds to the epidermal and/or cortical cell membranes. Similarly, compartments s and x are separated by an ideally semipermeable membrane (sx) which corresponds to the stelar-parenchyma cell membranes. The assumption that "1 for membranes oc and sx is consistent with experimental observation (e.g. Murphy & Smith, 1994a, b) . By contrast, the endodermal membrane (cs) separating compartments c and s contains plasmodesmata, and so may have re#ection coe$cients ( AQ) signi"cantly less than unity (Zhang & Tyerman, 1991; Tyerman et al., 1992; Murphy & Smith, 1998) . We suppose that two classes of solutes are transported across membrane cs: solutes (i) impermeant in membranes oc and sx but permeant in membrane cs; and solutes ( j) permeant in all three membranes. The i solutes are presumed to derive from the phloem, and are transported from s to c via plasmodesmata in membrane cs. The j solutes derive from the external medium (via membrane oc). They are transported in the opposite direction to i (i.e. from c to s via plasmodesmata in membrane cs), and are then unloaded into the xylem (via membrane sx). Finally, we suppose that there may also be impermeant solutes (i) in compartment o, although these will generally be chemically di!erent from those in compartments c and s. It is assumed that compartment x contains only permeant solutes ( j). Solute concentration gradients (apoplastic and symplastic) within the cortex and stele are ignored, as are gradients in the bathing medium. In principle they can be included, but this would only introduce unnecessary complications. Here we wish to emphasize the possible e!ect of a step change in symplastic osmotic pressure across the endodermis. Apoplastic transport of water and solutes across the endodermis is assumed negligible.
In the steady state we have
from which we obtain
where the radial hydraulic resistance of the root (R . ) is given by
564 R. MURPHY P is given by eqn (3), and
We suppose that transport of j across membranes oc and sx can be described by the relations
where the 's are permeability coe$cients and Q * H is the rate of active transport across membrane oc (transport across membrane sx is assumed to be entirely passive). Transport of solutes i and j across membrane cs is described by the relations
and as usual 0) G )0.5 and 0) H )0.5. In deriving expressions for V H (Q T ) and P(Q T ), it is useful to de"ne a dimensionless variable
The derivation is given in Appendix D, where it is shown that if AQV QV H /AAQ AQ H ;1 and AQV QV H / AMA MA H ;1, there will be a range of y values (e.g. 0.1)y)10) for which V H (Q T ) and P(Q T ) can be approximated as
where R N is an apparent root hydraulic resistance:
and, as usual, P is the intercept of the limiting linear portion of the P(Q T ) curve on the P axis:
where imported from the bathing medium are then transported from the cortex to the stele, so that J* H '0. But, by hypothesis, AQV QV H /AAQ AQ H ;1, and so from eqn (38), P may be greater than M. An upper limit for P is given by
where AQ G (0) is the trans-endodermal di!erence in osmotic pressure for solute i in the absence of volume #ow [eqn (30)]. Plasmolysis studies by Warmbrodt (1986 Warmbrodt ( , 1987 suggest values for AQ G (0) of !0.2 to !0.6 MPa in barley roots and around !0.25 MPa in maize roots. For wheat roots, pressure-probe measurements by Pritchard et al. (1989) yielded estimates of around !0.2 MPa. There are no estimates of for endodermal cells, but pressure-probe measurements on other cells suggest values for AQ G of around 0.5 (Murphy & Smith, 1998) . Tentatively combining these values gives P ! M H )0.1} 0.3 MPa, which might be regarded as a reasonable range (e.g. see Newman, 1976; Fiscus, 1977 Fiscus, , 1986 . found that for both barley and lupin, P ! M increased in the afternoon. Fiscus (1986) (39)]. In principle, this hypothesis can be tested experimentally by measuring the diurnal variation in assimilate import and/or AQ G (0); both should be correlated with changes in P ! M. Another prediction of the model is that P ! M should decrease to negative values in starved root systems, when JAQ G P0 [eqn (38)]. Of course the detopped root systems used in many studies (e.g. Fiscus, 1977 Fiscus, , 1986 ) are starved, but it will presumably take some time for JAQ G to decay. In fact, in mature plants, starch reserves in the older parts of the root system as well as the stem base might sustain phloem transport and hence JAQ G during the experimental period. For seedlings, where reserves are more limited, the decay in JAQ G is expected to be more rapid. It should be noted that and used intact plants, and so the possibility of root starvation does not arise.
According to eqn (37), the slope (R N ) of the linear portion of the P}Q T curve should be positively correlated with M H . This was observed by for M ,?!J in lupin roots but not barley roots. Also for lupin (but not barley) they found that P ! M was negatively correlated with M ,?!J and that P ( M. One possibility is that the terms in M H (speci"cally M ,?!J ) in eqns (37) and (38) are signi"cant in lupin but not in barley. Remembering that M H is the osmotic pressure due to permeant solutes, this is consistent with the suggestion of that the lupin (but not barley) roots were leaky to NaCl, at least for CM ,?!J ' 75 mol m\. The decrease in R N observed by for lupin during the afternoon is more di$cult to explain. point out that at least part of the COMPARTMENTAL MODELS OF THE ROOT decrease may be an artefact arising from the diurnal variation in P . But it is also possible that diurnal variations in J* H and/or A G contributed to a genuine decrease in R N [eqn (37)]. In principle, the latter possibilities are experimentally testable.
The above analysis applies to an intermediate range of y values which, however, might be quite large (e.g. 0.1)y)10). In fact, an upper limit on y is necessary to avoid unreasonably low values Fig. 9 ) is a good approximation to the full model (continuous curves in Fig. 9 ). In Figs 10 and 11, AQV QV H /AAQ AQ H "0.1, AQV QV H /AMA MA H "1 and the simpli"ed model is a poor approximation to the full model (compare dashed and continuous curves in Fig. 11 ). Yet the qualitative behavior of the full-model (continuous) curves in Fig. 11 is very similar to that of the simpli"ed-model (dashed) curves in Fig. 9 .
Setting y equal to zero also poses no problem for the model. Thus, on setting y"0 in eqns (D3)}(D5) we "nd that
whence
where the root re#ection coe$cient (determined at Q T "0) is given by
Now in general V H (0)' M; this is the presumed cause of &&root pressure'' ( ! P(0)'0) . Then remembering that AQ G (0))0 it follows that PMMR)1. It has been argued that values of PMMR less than unity might be explained by an apoplastic pathway for the transport of water and solutes across the endodermis (Steudle, 1992 (Steudle, , 1994 Steudle & Peterson, 1998) . This possibility cannot be discounted, but in some root systems such apoplastic transport appears negligible (Perry & Greenway, 1973; Moon et al., 1986) . According to the four-compartment model PMMR can still be less than unity in such cases. This can be seen from eqn (42); low values of PMMR result from a di!erence in symplastic osmotic pressure [ AQ G (0)] across the endodermis, which has a low re#ection coe$cient ( AQ G ) because of the presence of plasmodesmata. A prediction of eqn (42) is that in starved (e.g. excised) root systems, PMMR should increase with time, approaching unity as phloem unloading falls and AQ G (0)P0. In practice, PMMR will never literally reach unity because the cell membranes are permeable to solutes, but cell-membrane re#ection coe$cients can be very close to unity (e.g. Murphy & Smith, 1994b) .
Various other observations have been interpreted in terms of apoplastic transport across the endodermis, but these can also be explained by the four-compartment model. Thus, a signi"cant interaction between solute and water #uxes (&&solvent drag''; Freundl et al., 1998 Freundl et al., , 2000 might occur within endodermal plasmodesmata [eqn (31)] rather than the endodermal apoplast. Nor does the e!ect of decreasing external pH on ABA transport (Freundl et al., 1998) imply apoplastic transport of ABA across the endodermis. Lowering external pH would increase the concentration of protonated ABA, which would promote transport in the cortical apoplast and uptake across cortical cell membranes. But transport across the endodermis could be entirely symplastic. Similarly, the reduction in ABA transport (Freundl 568 et al., 2000) and root hydraulic conductivity (Zimmermann & Steudle, 1998) associated with the development of an exdodermis does not imply reduced apoplastic transport across the endodermis. It might simply re#ect impeded access to the cortical apoplast and hence cortical cell membranes. This possibility is not explicitly allowed for in the four-compartment model, but to a "rst approximation the e!ects of an exodermis can be included in the transport parameters¸MA N and MA H [eqns (21) and (28)], both of which would be reduced by an exodermis.
Furthermore, while the calculations of Zhu & Steudle (1991) might suggest a high apoplastic hydraulic conductivity for layers 1}9 of the maize-root cortex, this need not apply to the endodermis. Moreover, their measurements suggest intercellular transport occurs via membranes with re#ection coe$cients less than unity, while transport between the symplast and apoplast occurs via a membrane with re#ection coe$cients close to unity (at least in the case of the epidermis). These conclusions regarding re#ection coe$cients are consistent with the four-compartment model presented here, and are supported by subsequent work (Murphy & Smith, 1994a , b, 1998 .
The four-compartment model may be seen as one expression of the hypothesis of Fiscus (1981 Fiscus ( , 1986 Fiscus ( , 1988 that the o!set in the P}Q T curve ( P ' M) is due to an internal asymmetric distribution of &&nonmobile'' solutes. But according to the four-compartment model, the nonmobile solutes are derived from the phloem. Hence, a further prediction of the model is that the solute e%ux elicited by ABA (Fiscus, 1981) should include an e%ux of phloem-derived organic compounds such as sugars.
Discussion
The present analysis suggests that solute build-up in two-and three-compartment models of the root (Dalton et al., 1975; Fiscus, 1975 Fiscus, , 1977 Miller, 1985) cannot account for the anomalous o!set ( P ' M) frequently observed in plots of P vs. Q T . The three-compartment model of Ginsburg (1971) and Newman (1976) appears more promising, but it predicts a minimum in the plot of V vs. Q T which is not observed in practice. The symplastic osmotic pressure also exhibits a minimum which can be rather low, and sometimes negative. Fiscus (1981 Fiscus ( , 1986 Fiscus ( , 1988 hypothesized that an internal asymmetric distribution of nonmobile solutes is responsible for the o!set. In the present study, this hypothesis is incorporated into a four-compartment model of the root that is conceptually related to the model of Miller (1985) . But according to this four-compartment model, the asymmetric solute distribution does not arise because of solvent drag. Rather the anomalous o!set is associated with a concentration gradient of photoassimilates (the nonmobile solutes) that exists in the absence of volume #ow, and which drives the di!usive transport of these solutes from the stele to the cortex via endodermal plasmodesmata. This model appears to have greater explanatory power than the Ginsburg}Newman model. In particular, it suggests explanations for the diurnal variation in P}Q T curves and the e!ects of changing external NaCl concentration reported by and . The model also shows how the overall root re#ection coe$cient can be less than unity, even when the cell membranes are e!ectively ideally semipermeable, and there is negligible apoplastic transport of water and solutes across the endodermis. Data that have hitherto been interpreted in terms of such apoplastic transport (Zhu & Steudle, 1991; Zimmermann & Steudle, 1998; Freundl et al., 1998 Freundl et al., , 2000 can also be explained by the model.
The four-compartment model is also consistent with the occurrence of radial symplastic osmotic-pressure gradients, which the Ginsburg} Newman model is not. However, in developing the model, it was assumed that the only change in symplastic osmotic pressure occurs across the endodermis. The studies of Warmbrodt (1986 Warmbrodt ( , 1987 and Pritchard et al. (1989) support this assumption, and the magnitude of the osmoticpressure di!erence appears to be compatible with the size of the anomalous o!set often seen in P}Q T curves. But other studies show that significant turgor-and osmotic-pressure gradients can occur in the cortex (Rygol & Zimmermann, 1990; Zimmermann et al., 1992; Rygol et al., 1993) . If the four-compartment model with assimilate unloading appears promising, it may be necessary COMPARTMENTAL MODELS OF THE ROOT in future to generalize it to the multi-compartment (many-cell-layer) case. In the meantime, the model makes a number of experimentally testable predictions, and it may seem prudent to test at least some of these prior to further theoretical developments. The predictions of the four-compartment model may be summarized as follows:
(1) The o!set often observed in plots of P vs. Fig. 1 ) should be positively correlated with rate of assimilate import into roots [JAQ G ; eqns (38) and (39) A crucial assumption in the four-compartment model is that intercellular transport occurs via membranes with re#ection coe$cients signi"-cantly less than unity, while transport between the symplast and apoplast occurs via a membrane that is e!ectively ideally semipermeable (i.e. "1). Pressure-probe measurements support this view (Zhu & Steudle, 1991; Murphy & Smith, 1994a , b, 1998 , but the question arises as to why the intercellular re#ection coe$cients are less than 1.0. In principle, aquaporins could have re#ection coe$cients of around 0.5 (Welling et al., 1996) , but in this case the re#ection coe$-cients of the plasmamembrane should also be around 0.5, which is not observed in practice. Murphy & Smith (1998) suggested that plasmodesmata were the cause of the low intercellular re#ection coe$cients. But this implies a large hydraulic conductance for the plasmodesmal pathway (Kedem & Katchalsky, 1963a; Murphy & Smith, 1998) , and here the evidence appears contradictory. On the one hand, the studies of Zhang & Tyerman (1991) , Tyerman et al. (1992) and Murphy & Smith (1998) suggest signi"cant water #ow though plasmodesmata. On the other hand, the studies of Tyerman and colleagues show that anoxia reduces¸N and increases . If this is interpreted in terms of plasmodesmal constriction, one would then predict a reduction in the size exclusion limit (SEL) of plasmodesmata and an increase in intercellular electrical resistance. In fact, the data so far show an increase in SEL and no e!ect on electrical resistance (Cleland et al., 1994; Zhang & Tyerman, 1997) . There is at least one way in which these seemingly contradictory results can be reconciled. If anoxia results in gelling of the plasmodesmal contents (e.g. by the intrusion of macromolecules into widened plasmodesmal channels), then¸N will fall and will rise. However, the e!ect on solute permeability and electrical conductivity might be small (at least for small molecules and ions; Tyree, 1970) , especially given the increase in the plasmodesmal cross section (as indicated by the larger SEL). This hypothesis may be di$cult to test at present, but it at least points to the need for a much better understanding of transport through plasmodesmata. With regard to the transcellular pathway for intercellular water #ow (membranePapoplastPmembrane), this presumably involves aquaporins. Mercuric chloride is widely used to inhibit water #ow through 570 aquaporins, and this agent substantially reduces plant-cell and root¸N. However, there is evidence that HgCl can have additional e!ects, which might conceivably include indirect e!ects on plasmodesmata (Zhang & Tyerman, 1999) . In short, it seems that the relative contributions of the symplastic, transcellular and apoplastic pathways for water movement in plant tissues have still not been resolved. As far as the four-compartment model of the root is concerned, a major symplastic component is predicted, with negligible apoplastic transport across the endodermis.
Analysis of the two-compartment model was conducted in the laboratory of Prof. J. S. Boyer (University of Delaware), to whom I am grateful for helpful discussions.
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